Nitric oxide (NO) is a molecular messenger involved in several events of synaptic plasticity in the central nervous system. Ca 2+ influx through the N-methyl-D-aspartate receptor (NMDAR) triggers the synthesis of NO by activating the enzyme neuronal nitric oxide synthase (nNOS) in postsynaptic densities. Therefore, NMDAR and nNOS are part of the intricate scenario of postsynaptic densities. In the present study, we hypothesized that the intracellular distribution of nNOS in the neurons of superior colliculus (SC) superficial layers is an NMDAR activity-dependent process. We used osmotic minipumps to promote chronic blockade of the receptors with the pharmacological agent MK-801 in the SC of 7 adult rats. The effective blockade of NMDAR was assessed by changes in the protein level of the immediate early gene NGFI-A, which is a well-known NMDAR activity-dependent expressing transcription factor. Upon chronic infusion of MK-801, a decrease of 47% in the number of cells expressing NGFI-A was observed in the SC of treated animals. Additionally, the filled dendritic extent by the histochemical product of nicotinamide adenine di-nucleotide phosphate diaphorase was reduced by 45% when compared to the contralateral SC of the same animals and by 64% when compared to the SC of control animals. We conclude that the proper intracellular localization of nNOS in the retinorecipient layers of SC depends on NMDAR activation. These results are consistent with the view that the participation of NO in the physiological and plastic events of the central nervous system might be closely related to an NMDAR activitydependent function.
Introduction
Much attention has been devoted to elucidating the role of the N-methyl-D-aspartate receptor (NMDAR) in the synaptic plasticity occurring both in the developing and in the mature central nervous system (CNS) of vertebrates. This is a complex and highly regulated ionotropic receptor with conductance for Na + , K + , and Ca 2+ (1) . The NMDARmediated Ca 2+ influx activates signal transduction cascades that regulate such diverse phenomena as the formation, modification and elimination of synapses (2) .
Glutamate receptors are concentrated in the post-synaptic densities (PSD) of the CNS and the effort to characterize constituents of these molecular ensembles has re-R.E. de Bittencourt-Navarrete et al.
www.bjournal.com.br vealed the presence of key proteins that mediate the targeting of receptors and associated enzymes to the synapse (3) . One of these proteins is the PSD protein 95 (PSD-95 or SAP90), a PDZ-domain-containing constituents of glutamate PSDs, which directly associates with NMDAR (4) . NMDAR and PSD-95 are both highly concentrated in hippocampal synapses (4) .
Like NMDAR and PSD-95, neuronal nitric oxide synthase (nNOS), one of the isoenzymes responsible for the production of nitric oxide (NO), is also localized in the PSDs. nNOS contains a single PDZ domain at its amino terminus, which allows its physical association with PSD-95 and, therefore, with the NMDAR (5) . NO was first identified as an intercellular messenger molecule in the brain about two decades ago (6) . Subsequently, Bredt and Snyder (7) isolated and characterized nNOS. For histological studies the characterization of nNOS cells based on immunohistochemical procedures is considered to be equivalent to the nicotinamide adenine di-nucleotide phosphate diaphorase (NADPH-d) histochemical reaction (8) . The physicochemical features of NO such as high diffusibility and the ability to activate various signaling pathways in adjoining cells has been widely recognized. NO is produced in a calcium/calmodulin-dependent fashion from Larginine by the enzyme nNOS (9) , and the proximity of the enzyme to the Ca 2+ influx provided by the NMDAR is one of the requirements for its catalytic activity (6) .
In the developing visual system NOS co-localizes with NMDARs in the rat superior colliculus (SC) (10) , and the pharmacological blockade of NMDAR in this nucleus results in the formation of topographically aberrant maps of afferent retinal axons, even before visually driven activity occurs (11) . In the chicken optic tectum, the homologue of SC in mammals, the elimination of transient connections from the ipsilateral retina is dependent on NMDAR stimulation (12) .
On the other hand, the role of neural activity in the expression of nNOS is still being elucidated. Previous studies have shown that retinal projections, which are mostly glutamatergic (13) , might have a role in the expression or activity of nNOS in the visual system (14) . In addition, monocular lid suture results in the abnormal appearance of NADPH-d staining in the lateral geniculate nucleus (15) . Furthermore, different nNOS transcripts can arise in pathological conditions of the CNS (16) . In the particular case of SC, it is not simple to reconcile the data obtained over the last few years. It has been shown that lack of neural activity produces changes in the intracellular distribution of nNOS in neurons of the SC (17, 18) . Despite the results of Zhang and co-workers (14) showing that eye removal causes a down-regulation of NADPH-d-positive neurons in the SC, the expression level of the different NADPH-d transcripts seems to be independent of such activity (19) .
The observations of Tenorio and co-workers (20) showing that the lack of neural activity arising from the retina, but not from the cortex, is able to modify the intracellular pattern of NADPH-d without a morphological change in SC cells (17) stimulated us to identify which molecular components regulate changes in the intracellular distribution of nNOS. Given the close interaction between NMDAR and nNOS observed in the SC PSDs (21), we asked whether the NMDAR has a direct influence on the intracellular distribution of nNOS in the neurons of SC superficial layers. For this purpose, we promoted a chronic pharmacological blockade of the NMDAR with [(+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate] (MK-801). The efficiency of blockade with MK-801 was assessed by immunohistochemical reactions that identify changes in the expression of the immediate early gene NGFI-A, which is a marker for NMDAR-mediated activity in the CNS (22) . The distribution of nNOS in SC neurons was identified by histochemical reaction with NADPH-d or by immunohistochemistry with specific antibodies directed at nNOS.
Material and Methods

Animals
Fifteen adult male Lister rats from our breeding colony were housed under conditions of controlled and maintained temperature on a 12:12-h light/dark cycle with food and water available ad libitum. The Committee for the Use of Experimental Animals of our institution approved all experimental protocols applied in this study.
Minipump implantation
Osmotic minipumps (Alzet model 2002, total capacity 250 μL, flow rate 0.5 μL/h) were filled with a solution of 1 mM MK-801 hydrogen maleate in 0.9% saline (Research Biochemicals International, USA). This concentration was chosen on the basis of a study using osmotic minipumps, that monitored the minipump release and the concentration reached inside the tissue (23) . Male adult rats (3 months old) were anesthetized with an intraperitoneal injection of pentobarbital sodium (35 mg/kg) and placed in a stereotaxic frame. No procedures were started until animals were sufficiently anesthetized, as ascertained by the loss of withdrawal and cornea-blink reflexes. Body temperature, respiratory rate, and anesthesia level were continuously monitored during surgery and additional doses of pentobarbital were given as needed. The skull was surgi-Targeting nitric oxide synthase in the superior colliculus www.bjournal.com.br cally exposed and a cannula was positioned stereotaxically according to the atlas of Paxinos and Watson (24) (A -6.3 mm, L +1.0 mm, from the bregma) in the region just above the left SC. A small craniotomy (~1 mm in diameter) was performed and the tip of the cannula was lowered stereotaxically into the cortex to a depth of 3.0 mm (V +3.0 mm (24) ). The guide catheter and cannula were secured to the skull with cyanoacrylate glue (Super Glue), the minipump was placed subcutaneously in the neck, and the skin was sutured with Prolene Blue monofilament polypropylene sutures (Ethicon, USA). After surgery the animals were kept warm under a hot lamp until recovery and then returned to their cage. Sham surgeries were performed in one group of animals in which a needle was inserted through the cortex following the same stereotaxic coordinates as in the MK-801-treated group. Also, one additional animal was implanted with a saline-filled minipump as part of the control. The infusion of MK-801 was maintained for 10 to 12 days. We chose this period of time based on previous observations from our laboratory showing the requirement of at least 1 week for a consistent change in nNOS immunoreactivity in the SC neurons after eye removal (18) .
Perfusions
Under a regular dark/light cycle (12/12 h), only few NGFI-A-positive cells can be detected relative to those observed after a dark period followed by 2 h of light exposure (25) . Therefore, we placed the animals in a lighttight box for 24 h the day before sacrifice and then allowed them to receive normal visual stimulation for 2 h. Next, they were anesthetized with 50 mg/kg sodium pentobarbital and intracardially perfused with 0.9% saline solution followed by 4% paraformaldehyde in 100 mM sodium phosphate buffer, pH 7.4. After dissection, the brains were immersed in 100 mM sodium phosphate buffer containing 20% sucrose, overnight at 4°C and then sectioned at 40 μm on a cryostat (Leica Instruments GmbH, Germany) at -20°C on the coronal planes. Sections containing both hemispheres of the brain were collected in 50 mM Tris buffer, pH 7.4.
Immunochemical and histochemical reactions
For the immunohistochemical reactions, the sections containing the SC were incubated as free-floating sections for 1 h at room temperature with a polyclonal anti-NGFI-A antibody (1:400; Santa Cruz Biotechnology, USA) in a blocking solution containing 5% normal goat serum and 0.3% Triton X-100 in 10 mM PBS, pH 7.4, followed by a 2-h incubation in the same solution with a Cy3-conjugated goat anti-rabbit IgG antibody (1:800 dilution, Jackson ImmunoResearch Laboratories Inc., USA). For double staining, the sections were incubated also with a mouse antinNOS antibody (1:200, Sigma, USA) followed by a goat anti-mouse antibody conjugated with Alexa fluorochrome (1:400 dilution, Jackson ImmunoResearch Laboratories Inc.). The primary antibody was omitted from control sections, which did not show any staining.
For the NADPH-d reactions, sections were collected in 50 mM Tris buffer, pH 7.4, washed twice and reacted as free-floating sections with the following solution: 1 mM β-NADPH reduced form, 0.5 mM nitroblue tetrazolium dissolved in 100% dimethylsulfoxide and 1% Triton X-100 in 50 mM Tris buffer, pH 7.4 (Sigma). The reaction was performed with constant stirring for 1-4 h at 37°C. The sections were then washed in Tris buffer, mounted on gelatinized slides, dehydrated with increasing concentrations of alcohol and cover-slipped with Entellan (Merck, Germany).
Data analysis
NGFI-A. For NGFI-A reactions, tissue sections were analyzed under fluorescent illumination using a rhodamine filter in an Axioplan microscope (Zeiss, Germany). Color images were obtained using a Zeiss AxioCam digital camera connected to this microscope and to a PC computer with the Zeiss Axiovision 3.0 software.
Three coronal sections per animal were selected from rostral, middle and caudal portions of the SC. Three pictures of both hemispheres in each slice, covering almost its entire mediolateral extension, were taken under a 20X objective lens. All NGFI-A-positive cells in each picture were identified, labeled on the computer screen and counted. Absolute numbers of cells were included for comparative analysis. Four groups were used for statistical comparisons: 1) left hemispheres, 2) right hemispheres of control animals, 3) treated hemispheres, and 4) untreated hemispheres of MK-801-infused animals. The cells quantified in each group were compared by one-way multivariate ANOVA followed by the Tukey post hoc multiple comparison test, with P < 0.05 as a criterion of statistical significance. Results are reported as means ± SEM for each group.
NADPH-d. For histological analysis of NADPH-d the same approach of three-field quantification per section in three alternate anteroposterior sessions of the SC recorded under a 20X objective lens was followed, as described above for NGFI-A-labeled cells. The dendritic extensions of all NADPH+ cells in each field were delineated using the morphometric tool of the Zeiss LSM Image Browser. Values of length in micrometers were provided automatically by dragging the cursor from the cell bodies to R.E. de Bittencourt-Navarrete et al.
www.bjournal.com.br the extremities of every single dendrite. The sum of total dendritic length in each field was divided by the number of cells in order to establish a ratio. Comparisons were performed for the same four groups cited above for NGFI-A. Results are reported as means ± SEM for each group. Data were analyzed by one-way multivariate ANOVA followed by the Tukey post hoc multiple comparison test, with P < 0.05 as a criterion of significant difference.
On the basis of studies performed by our laboratory in the same field (17) and since comparative analysis included the two hemispheres of the same animal, stereological procedures were considered to be unnecessary. Moreover, all quantifications were performed twice, first by an aware individual and then in a double-blind mode by another.
The images were analyzed without any modification. Later, for illustration, grayscale conversion and brightness/contrast adjustments were made using the Adobe Photoshop 7.0 software (Adobe, USA). For NADPH-d and double-labeled reactions the images were captured with a LSM 510 META Laser scanning confocal microscope (Zeiss, Germany).
Results
In the present study, we determined if the blockade of NMDAR with MK-801 interfered with the intracellular distribution of nNOS in neurons of superficial layers of the rat SC. The effectiveness of NMDAR blockade was determined by immunohistochemical reactions with antibodies directed at the NGFI-A protein. The NGFI-A gene codes for a nuclear transcription factor that can be induced by membrane depolarization, thereby allowing its use as an indicator of neuronal activity. In order to block the NMDARmediated activity in the SC, we used osmotic minipumps to infuse MK-801 chronically over a period of ten to twelve days. As stated in the previous section, the time period chosen for MK-801 infusion was based on previous light and electron microscopy observations by our group showing the requirement of at least 1 week for a consistent change in nNOS immunoreactivity in the SC neurons after eye removal (18) . To assess changes in the expression level of the NGFI-A gene we performed immunohistochemistry in sections containing the SC. Histological analysis performed for control animals (N = 4) revealed 3728 and 3773 NGFI-A-immunolabeled cells in the left and right hemispheres, respectively. A total of 2618 cells from treated animals (N = 4) were counted in the untreated SC and 1377 in the infused SC. Results are reported as means ± SEM of the total number of cells found per colliculus in each condition, designated as left or right (control colliculi), and untreated or MK-801-treated (infused colliculus). As shown in Figure 1 , the infusion of MK-801 led to a drastic reduction in the number of NGFI-A-positive cells in the treated SC. A 47% decrease in the number of cells expressing NGFI-A in this hemisphere was observed, indicating an effective blockade of the NMDAR by this pharmacological agent ( Figure 1E ), which was subsequently reinforced by one-way multivariate ANOVA followed by the Tukey post hoc test, with F(3,12) = 3.960 and P < 0.05.
To investigate the intracellular distribution of nNOS in Figure 1 . Figure 1 . Figure 1 . Figure 1 . (8) . A quantitative analysis revealed a significant difference in the total dendritic tree length of NADPH-d-stained cells as demonstrated by one-way multivariate ANOVA followed by the Tukey post hoc multiple comparison test, with F(3,10) = 6.496 and P < 0.05 ( Figure  2 ). MK-801 blockade of NMDAR resulted in a 45% decrease in the total dendritic tree length labeling for NADPHd in the superficial layers of the SC. This change in the intracellular distribution of nNOS was quantitatively different even when comparing the treated SC to the contralateral one in the same animal, showing a local and specific action of the pharmacological agent. Results are reported as a ratio of dendritic extension to number of cells counted in each field, defined as mentioned in the previous section. The graph in Figure 2 reports the means ± SEM of these ratios. Double-labeling immunohistochemistry using two antibodies -anti-nNOS and anti-NGFI-A -confirmed qualitatively the quantitative data shown above (Figure 3) . The confocal images revealed a drastic reduction in NGFI-A expression as well as in the nNOS-positive immunolabeled dendrites of neurons in the treated SC. In contrast, the SC of the untreated animals presented numerous NGFI-A-positive cells and a distribution of nNOS clearly spread over the dendritic extension of neurons. 
Discussion
The NADPH-d reaction identifies all cell types with Golgi staining in the SC (26) . The fact that NADPH-d staining is highly correlated with nNOS activity (27) allowed Tenorio and co-workers (17) to use this histochemical reaction to show a strict correlation between the retinal input and the intracellular distribution of nNOS in the retinoreceptive layers of the rat SC. However, these investigators did not clarify whether changes in the intracellular distribution of nNOS were due to a reaction to the optic nerve injury per se or to the removal of visual input. In addition, the role of glutamate receptors in this phenomenon was not tested.
To evaluate the role of NMDAR we used MK-801. The mechanistic functionality of the pharmacological agent used in the present investigation has been extensively studied. The application of NMDA in the presence of MK-801 results in complete and irreversible blockade of the NMDAR-mediated excitatory postsynaptic currents (28) . In our model, since the retinotectal projection of the animals was intact, the most important requirement for the effective blockade of NMDAR was fulfilled, which is the repeated synaptic stimulation in the presence of MK-801 (29) . The developmental changes in NGFI-A expression and its NMDA-mediated induction in the rat SC have already been described by our laboratory (30) . We applied a chronic treatment in the SC based on a study demonstrating the rate of release and the concentration achieved in this tissue (23) .
Previous investigations have reported the effects of retinal deafferentation on nNOS expression (14, 17, 18, 20) . We think it highly unlikely that MK-801 treatment resulted in atrophy of the dendritic tree for the following reasons: 1) it is well established that in the absence of retinal fibers the overall dendritic development is remarkably normal (31) . 2) We rely on previous work from our laboratory showing the exact same histochemical pattern for NADPH-d neurons as described here, in the absence of retinal inputs (17) . 3) Although the removal of retinal afferents is undoubtedly a more traumatic procedure compared to specific ion channel blockage, it did not change the dendritic morphology of SC neurons (17) .
The role of NO in the nervous system is still poorly understood although, in past years, several studies have been devoted to this issue. Much of the recent knowledge about NO derives from analysis of activity-dependent refinement and maintenance of the topographic retinal projections to the optic tectum (in non-mammalian vertebrates) or to the SC in mammals. In this respect, it is important to point out that the primary stimulus for NO synthesis in CNS neurons is the activation of the NMDAR glutamate receptor. Some studies have shown that NMDAR is important for the mechanisms of retrograde signaling. Nevertheless, it is not clear still if NO participates as a retrograde messenger in the synaptic refinement of the retinotectal system (32, 33) . It is also known that the maintenance of the topographic map of the SC is disrupted by NMDAR antagonists (34) , although knockout of nNOS gene in mice delays but does not prevent the topographical mapping of SC.
According to the results presented here, we can rely upon the premise that, at least in the SC, nNOS is attracted by Ca 2+ influx sources. Following activation of nNOS, NO modulates the release of neurotransmitters by presynaptic terminals through a cGMP-and glutamate-dependent mechanism, enhancing their release in some cases, or decreasing it in others (35) . Since in the SC nNOS-immunolabeled cells are predominantly inhibitory GABAergic neurons (10), we could speculate that enhancement occurs in this system. In such hypothetical model, as a retrograde messenger, NO would maintain a standard presynaptic glutamate release rate for the arriving retinal terminals. The action of glutamate action on these inhibitory neurons, in turn, would maintain the proper balance between excitatory/inhibitory transmission, stimulating GABAergic release in the local circuitry of the SC.
In spite of the controversy about the role of NO in retrograde signaling and its importance for the physiology of the nervous system, we demonstrated here how the SC is still an invaluable model for the study of molecular interactions in visual experience-dependent plasticity. In support of this idea, a recent study published by Mu and Poo (36) described the essential role of NMDA and nNOS in the generation of specific patterns of synaptic activity. These investigators demonstrated the dependence on NMDAR and NO for light-induced long-term depression in retinotectal circuits. In this respect, our results provide an interesting clue about the important functional implications of the dynamics of PSD for the physiology of the adult SC. Apparently NMDAR-dependent long-term depression is not induced in adults. Thus, what do the inducers of such phenomena do in the PSD of the rat SC?
Given the recent advances in the understanding of the complexity and dynamics of PSDs, one is induced to think of such molecular assemblies as dynamic structures where proteins can assemble and disassemble constantly. This fundamental feature also implies the existence of targeting mechanisms for the nNOS. The NMDAR-PSD-95-nNOS functional link has been well established as the preferential pathway for NO production in the CNS.
The mechanism by which the inhibition of NMDA trans-Targeting nitric oxide synthase in the superior colliculus www.bjournal.com.br mission alters nNOS localization probably includes the modification of cytoskeleton structures. This is a reasonable speculation since the association of nNOS with cytoskeleton elements has been well established by our laboratory and others (21) . Unfortunately drugs that interfere with cytoskeleton maintenance have dramatic consequences for the physiology of the cell, causing this approach to be broadly disruptive and nonspecific in vivo. A rapid increase of PSD-95 in the synaptoneurosomes and synaptosomes of the rat SC has been shown to occur after a normal retinal stimulus (37) . Before eye opening, aggregates of PSD-95 were preferentially localized to cell bodies and proximal dendrites, but 6 h after eye opening this protein becomes dispersed in the somal and dendritic cytoplasm (37) . If we assume that PSD-95 and nNOS are tightly associated in the PSDs it is plausible that the same trafficking mechanisms might be underlying nNOS targeting. Nevertheless, the role of PSD-95 in synaptic plasticity seems to be more complex and even ubiquitous. In this context, it is possible that PDZ-containing proteins participate indirectly in the maintenance of the PSD molecular assemblies, facilitating signaling events by other enzymes in these microdomains.
It is also interesting to consider some differences between our results and those reported by Yoshii et al. (37) .
The time of visual deprivation used by these investigators lasted no more than 4 days while our treatment took at least 10 days. The most noticeable result of the present study is that both procedures, suture and dark rearingalthough the first allows some degree of retinal-driven input -decrease the synaptic stimulation of NMDAR and α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA), while in our model we could assume the maintenance of all glutamate-derived currents but NMDAs. The question of how the interactions between glutamate receptors and PDZ-containing proteins are modulated by synaptic activity to promote the targeting of nNOS in PSDs is still open, and should be addressed in the future in order to clarify fundamental mechanisms of molecular synaptic plasticity.
The present data have shown that a mechanism underlying the proper localization of nNOS requires NMDAR activation and supports the idea that plastic events in the CNS involving NO signaling might be tightly related to NMDAR-dependent function.
